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INTRODUCTION 

This repor t  summarizes some of the results obtained during the  Ln i t i a l  

stages of work on the  s t ruc ture  and properties of rabbery polyurethanes. 

Tnis  work ms  undertaken, a t  f i rs t ,  as a l imited e f f o r t  t o  supply data 

nscessa.ry for i n t e rp re t ing  the  r e s u l t s  being obtained on the  permeability 

beh3,vior of  s t r u c t u r a l l y  controlled samples. However, it was real ized 

subseqdently t h a t  there  were ce r t a in  unresolved questions concernir?'g the 

s t r u c t u r a l  organizaWm of the  polyurethanes which were importan-c T;O zn 

wderstanding of the  mechanical as w e l l  as the permeability behavior and 

the  sccpe of t he  e f f o r t  was expanded accordingly. This report  has been 

o r s a i z e d  both t o  summarize data on cha rac t e r i s t i c  parameters t h a t  a r e  

02' gezeral  i n t e r e s t  and t o  present some preliminary in t e rp re t a t ion  of  t h e  

r e s u l t s  i n  terns of polyurethane s t ruc ture ,  

4 

. .  A. Tzansition Temperature Measurements 

The cetcxmination of t r ans i t i on  temperatures i n  polyuret3anes has 

been car r ied  out  p r i n a r i l y  i n  terms of t'ne mechanical. t e s t  niethQds (1). 

Such measurernenix have iden t i f i ed  the  presence or" two t r m s i t i o n s  i n  

,d~Sei -y  polyurethanes; a t r a n s i t i o n  occurring below room tefi2eratwe 

assoclr ted with v i t r i f i c a t i o n  of the  sample and a second t r a n s i t i o n  

occurring above 100 

goes a sharp drop. This behavior i s  i l l u s t r a t e d  by modulus t z q e r a t u r e  

0 C where the  elevated rubbery plateau modulus under- 



curves i'or two polyester  based samples, taken from work by Cooper and 

Tobclsiiy (Fcg. 1) ( 2 ) ,  which w i l l  be discussed more f u l l y  la ter .  

~ ~ ~ l ~ e - s c ~ . ~ e r a t u r e  measurements have a l s o  been used f o r  detem-ining 

the 101: temperature g lass  t r a n s i t i o n  (3) . However; t h t  calor imetr ic  

methoLs have not  been used t o  examine the  t'nermal t ransixions except i n  

the  hi:?~est tenpera twe region where a study o f  decoqos i t i on  behavior 

liss bccn car r ied  out by combined d i f f e r e n t i a l  t h e m 1  analysis  (DTA) and 

themogravimetric analysis  (TG-4) (4).  Perhaps t h e  use of t he  ca lor i -  

metric methods t o  explore a wider temperzture range of  behavior i n  t h e  

polyurethanss has been discouraged by the  reported absence of acy d i s -  

cernible  l o w  temperaLure g lass  t rans i t?on  using IYI?A ( 5 ) .  

The l imi t a t ion  of M'A w a s  ais0 noted i n  some ea r ly  runs on a polyester 

bascd polyurethane i n  the  current work. 

t k r - x m e c h m i c a l  analyzer ( T M A )  has been used t o  explore t r ans i t i ona l  be- 

havior a t  low teaperatures  and t h e  d i f f e r e n t i a l  scanning calorimeter has 

k e n  x e d  a t  roon temperature and above. 

i o  'De espec ia l ly  useful  i n  defining the  various mechanical and a s s x i a t e d  

t h e m 1  t r a n s i t i o n s  t h a t  can be found i n  the  polyurethanes'. 

(1) SzTples 

Therefore, the  penetrometer or 

The combinzd results have proven 

A series of s t ruc tua l ly  controlled laboratory grade samples were 

sup2lied by The Ko'oay Chemical Company. 

wss 3.2 moles PDI, 2 ao les  of  1,4 butanediol and. 1 mole of  prepolymer of  

molecuLa:: weight 2000 whether polyester  o r  poiyether. 

adipsxe (P3A), polytetramethylene oxide (PTMO) , polypropylene oxide (PPO) 

and polyethylene oxide (PEO) based polyurethanes were a l l  supplied as 

The compositim of these s m p l e s  

The polybutyiene 
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cwed 59 to 70 m i l  sheet. I n  addition a semicured 30 mil and a "green" 

completely m c m e d  PWLO sample were availzble . 
I n  s q y o r i ;  of t he  work on water va.por pemeabi l i ty  t h e m i  t r ans i t i ons  

were d s o  nieasured on several  comerc ia l  samples of incompletely specif ied 

composi-tion. 

elesmners.  reported t o  contain 1,4 butanediol, I431 and a l o w  nolecular 

T;me Estane samples 5740-070 and 5740-100 a re  polyester  based 
/ 

wei&c poljbi-ityleneadipate, with about 39% MDI in-070 and 32% in-100 (2) .  

These two sazq3les are of  pa r t i cu la r  i n t e r e s t  s ince modulus temperatwe 

da ta  has been published ( 2 ) ,  m e  Estane sample 5740-140 and du Porit s apLe  

LD-550 are both polyet'ner based elastomers probably containing polytetra- 

ixet'nylene oxide. The Estane sanples 5740-70 a d  57kO-140 were provlcied 

apprommately one eighth - inch cubes and The 

E s t a a e  5740-100 and t h e  du l o n t  LD-550 were 6 t o  10 m i l  f i lms,  
I 

6 

m e  penetroxeter module obtainable as an accessory to the  du Pont 

ETA 2iistrdiei:t g r o v l d ~ s  a. rzpid x e c h u i c z l  test method f o r  determining 

t h e  Lxati .cn oI" t h e m a l  t r ans i t i ons ,  including the  low temperature t rans-  

i t i o n .  Since t h e  displacenent of t he  weighted probe with increasing 

-- it.ll,der-ature 3 T-n depends on the  opposing e f f e c t s  of  volume expansior and the  

drc:. i n  modulus which occurs i n  a t r ans i t i on  region, t h e  loca.-cion of the  

tra-nsit ion depends on t he  sample dinensions, choice of heat ing rate m d  

oc t h e  load of Yne probe. 

si- .acsrd - 

These several  factors  were invest igated and 

conditions involving sazple thickness of 1/16" or greater ,  a 



>,, ;,i.ftb.-ng 2-.; 

general;  tbne r u s  were repeated from th ree  -to f i v e  times since tkcrc: 

was considerable v a r i a b i l i t y  i n  the  loca t ion  03 the  t r a n s i t i o n  temperature 

even %?my& a marked t r a n s i t i o n  vas observed i n  each run. 

r a t e  of 5" C/ntn*, and 5 -to 20 g. probe loadings were used. In 
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4. representa.t ive temperature displacement cu.rve f o r  t n e  Mobsy .--* r.fi.ilO 

sc;!i?le i s  s!mm i n  Figxre 2, a,nd the  r e s a l t s  obtained'on the  various 

polyurethane sanples a r e  ta.bulated i n  Table I. 

>Lb.,2L - .? -  

i s  some evidence t h a t  i n  samples saturated with water Tl i s  disnleced by 

aboct 2 C t o  lower terqera,tures but T2 i s  unafyected, 

It should be nenticrcd 

-- L ~ ~ Z S ?  s3i:::Jles :~t'i'2 not dr ied  prior t o  the.  de temina t ions .  Tiiiere 

. o  

Ail of the polyurethanes display a t  lea.st  two t ra ,ns i t ions ,  one 
V 

occur:.-ing .,dl below 0 C (Tl) and a second (T2) i n  t he  racge 50 t o  TO°C 

vi th  t5e s ingle  exception of LD-550. This se r i e s  of measurenents w a s  nc t  

liLsd e h v e  103 C except for two o f  t he  saaples, LD-550 and ?.";bay 2240 ex'e:- -7 0 

both o f  -hLch d isp lay  s, h i &  teaperature  t r a g s i t i o n  (T 1 
i t i o n  I n  This ter-perature ralrlge i s  c o ~ a o n l y  observed i n  t h e  DSC results 

Since s, trms- 3 

repcryzec? i n  the  sect ion which follows, very l i k e l y  a t r a n s i t i o n  temperamre 

o c c w r k g  vel1 above 100 

?;';le TU. zeaswe;r,ents were extended t o  higher temperatures 

(3) E: R e s e t s  

0 would be found i n  the other  samples as well  i f  

*-- 

A -amioer of the  saa-ples were a i s 0  run cn t h e  Perkin K h e r  OSC in- 

s t ru iexz  over tlie range 40 C t o  300 C comonly using scmning razes  02 

- 1 G cie:o/:.~no 

0 0 

m e s e  samples were first dried 16 hours o r  longer i n  a 

0 
7-.- dcLu.i~g n 

cut fro?? the  f i lm.  

(57b0,lOO) s a p l e s  a,ppear i r -  Fi,we 3 

a r e  sxxizrized i n  Ta-ole I I e  

itioln i s  eiven by nmbers  next t o  the  t r ans i t i on  t e q e r a t u r e  wXch 

corr-spond to ?:campies sketched below the table .  

:lie r x x k z r  t h e  mare narked the  t r a s i t i o n ,  

cven at  50 C and s ingle  d i sc s  which closely f i t  t'ne sar@e cup were 

Tyyical scans f o r  the  Mobay PTNO and Estane PBA 

The observed t r ans i t i c r ,  tezperrt ;mes 

Ein ind ica t ion  o? t he  asgea.rance of t he  tra.:?s- 

I n  general tlie h i&er  
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sharner change Tn s lope 

ueak base l i n e  displacement 

s t rong  base l i n e  displace-2ent 

weak distribiited enGot’nemic 

rixirkd endot:le-rxic Sesl: 



There appear t o  be three cha rac t e r i s t i c  t r ans i t i ons  which occur above 

room temperature. The 30 mil Mobay P'IMO sample displays a pronounced trans- 

i t i o n  at  152-3 C which corresponds prec ise ly  with the t r a n s i t i o n  temperature 0 

observed by TMA. 

broadly t he  same temperature range, 140 t o  17OoC. 

samples d isp lay  a t r a n s i t i o n  at  80 t o  90 C, and it i s  tempting t o  iden t i fy  

these with the  T2 t r a n s i t i o n  revealed at 20 C lower temperatures by the  WA. 

There a re  a l s o  t r a n s i t i o n s  i n  almost all samples near o r  above 200 C. 

All of the  other  samples display a t r a n s i t i o n  (by I X C )  i n  

addi t ion a l l  of the 
0 

0 

0 
I n  

the  Mobay P"0 t h i s  appears as a fusion peak ra ther  than a displacement i n  

hea t  capacity. 

I n  addi t ion  there  a r e  var iable  and sometimes highly i r r egu la r  ptbks 

occurring a t  s t i l l  higher temperature, manifestations of sample degredation, 

most of which are not reported. 

B. Optical  Analysis of Structure  

1. Visual appearance 
~~ 

All' of t h e  50 t o  70 mil Mobay polyether based polyurethanes showed 

tu rb id i ty .  

t u r b i d i t y  but  t he  30 mil f i lm and green stock were milky. 

10-12 m i l  Mobay PBA sample i s  c l ea r  and even 100 mil th ick  samples of t he  

Estane 5740-070 and -100 samples were e s sen t i a l ly  c lear .  

The PEO w a s  the  l e a s t  tu rb id ,  the PPO showed appreciably more 

In cont ras t  the  

Pa r t  of the 

s c a t t e r i n g  i n  t h e  t h i c k  sheets  was due t o  surface sca t t e r ing  but even under 

conditions where this i e  minimized t he re  i s  a high leve l  o f  bulk sca t t e r ing  

espec ia l ly  evident i n  a l l  the  Mobay P'IMO samples: 

t h a t  var ia t ions  i n  i n t e r n a l  s t ruc ture  a r e  present which give use t o  f luc tu-  

The t u r b i d i t y  ind ica tes  

a t ions  i n  r e f r a c t i v e  index on the  sca le  of the wavelength of v i s i b l e  l i g h t .  



This tu rb id i ty  could r e s u l t  from microscopic voids fo~-n?ed pkrhs :~  :--m 

moisture present clurinz synthesis. The scrup-dous atten.;ion ;l-vrcrL tc tkc  

exclusion of moisture during the  synthesis a3d cas t idg  aid the c la r i zy  of 

the  Piobay PBA film suggest t h a t  the  tu rb id i ty  i n  the  polyether s z q l e  i c  

not i n  f a c t  due t o  microvoids but t o  inherent s t r u c t w a l  e n t i t l e s .  

2. -h--- Optical Microscopy 

Polyether.samples were compression molded t o  obtain f i l m  ~f 7-10 

m i l  thickness f o r  examination by polar izat ion op t i ca l  microscosy. hi$n 

magnification (600 x )  w e l l  separated birefr ingent  sphe ru l i t i c  strccture up 

t o  8 p  i n  diameter were observed. 
I 

The use o f  a Kofler not stage sholjed 

t h a t  ex t inc t ion  (between crossed polar izers )  o f  these s t ruc tures  occurred 

at  aboat 205O C. 

3 Light Scat ter ing Measurements 

L i g h t  sca t te r ing  measurements were perfomed on f i l m s  coated with 

h n e r s i o n  o i l  and sandwiched between cover s l i p s  t o  m i n h i z e  surface 

sca t te r ing ,  

sowce (632AO) and photometric determinations were m d e  w i n 2  a &.-ice P'hceilix 

Patkerns were photographed using a low in t ens i ty  gas l a s e r  

photometer with su i tab ly  narrowed col l iaa t ing  and receiver  s l i t s .  

:CeasurerLients were a t  f i rs t  performed on the  30 m i l  Nobay PiLn an5 on 

t he  7-10 r J i l  compression malded films but owing t o  the  extrece:-y hi&? leTiz l  

of t u r b i d i t y  i n  these 'samples the  sca t te r ing  bc=havior vas dornir.tated by %he 

depolzr izat ion a r i s i n g  from secondary scat ter ing.  

any evidence of the typ ica l  spheru l i t i c  sca t te r ing  pa t t e rn  t'slst inyi&iy have 

been expected from the  microscopically observed b i re f r ingent  regions. 

I n  no case vas Ynere 

3zl iab le  measurements were- f ina l ly  carried out  on 3 very t h i n  (1 roil) 



so lu t ion  cast film. 

i r r e p h r i t y  obscrveu -miiieT ths microscope i n  other  l:.'nin :ol lition ea.:;% films. 

The H Y  sca t t e r ing  (r-easured with polar izer  ve r t i ca l  a.nd a m l y z e r  h o r i z c n t d )  

amounted to about 15% of t he  VL. sca t t e r ing  (analyzer and polar izer  srer-kicai) 

over the r m g e  of sca t t e r ing  angles from 5 O  t o  40'. 

about 20% of  t h e  sca t t e r ing  i s  due t o  or ien ta t ion  f l u c t m t i o n s  a.nd 805; t o  

f luc tua t ions  i n  density,  

vea.ied t h a t  s.ppreciable cor re la t ions  i n  density and o r i e n t a t i m  p e r s i s t  t o  

dis tances  of well  over 1 micron. Since the  r e l a t ive  orienta.t ion and den- 

s i t y  co r re l a t ion  fluletions a r e  completely superiinposabie both q ~ z s  of' 

This f i lm was free of m y  evidence of 'A?;. su r f~ .~ce  

This ind ica tes  that 

A Fourier inversion of  the sca t te r iE5  da.ta re- 

sca t t e r ing  a r i s e  from the  same s t ruc tu re ,  It ca r  a l s o  be concluded thnat 

t he  coc ty ibut ion  of secondary scat ter in 'g  i s  negligible.  There i s  evidence 

tha?; t 5 e  corre la t ion  function can 'be resolved i n t o  two dls t i rc-c  regions 

=id The r e s d G s  w i l l  be subxi t ted t o  f u r t h e r  analysis  t o  deternine whe-cher 

such an in t e rp re t a t ion  i s  barranted. 

L. St ra in  - Optical Coefficient 

Eie birejkingence n w a s  determined a t  2'j0 C. As a f ~ ~ ~ c t i o r ,  of surair ,  

y: a t  low elongations f o r  t h e  Mobay PTMO and PBA samples. The r e s u l t s  a r e  

s m x r i z e d  i n  Table 111 and compared with repor'ceu values for na tu ra l  rxbber 

cad polyethylene. 



TASLE iII 

SLIMARY OF OPTICAL - MECHANICAL DATA 

E (kg/cm2 A / €  X l o 2  

95 1.29 

157 2.4 

SANPiJ3 

I40bay PDiO (1) 

(1) Mobay PBA 

(2)  Naiural R h b e r  

Polyethylene (2) 

(1) Neasured valGes 

(2) Literature values 

( 3 )  Degelzds on degree of c ross l ink ing  

2 
150~10 3 0.02 



It i s  evident t h a t  the s t r a i n  op t i ca l  coeff ic ient  WL i s  c l o s e r  -io 

t he  value of  polyethylene than t o  t h a t  of natural  rubber a;nd even hi21c-r 

i n  the c l e s r  ps lyes te r  t h m  i n  the  turb id  polyether sample. Tiiia co7dd 

be in t repre ted  as indicat ing t h a t  the  birelringence i n  these p o l y a e t ' n a e  

saxples a.rises from the or ien ta t ion  of  aqisotropic structural e n t i t i e s  ~ 

1 s  i n  golyethylene, ra ther  than from nolecular chain or ien ta t ion  as i n  

na t ixz l  rub'ser . 
However, t he  stress optic& coeff ic ients  G /T f o r  both polyuret'kme 

sarqles are i n  the  sane range as t h a t  of natLriL rubber. 

ence i n  A / G ,  i n  contrast  t o  a/& values, i s  due t o  the  higher modulus 

v d u e s  of the  polyxrethme sazples. 

?'he correspond- 

5. X-ray Diffraction 

me X-ray d i f f r ac t ion  pa t te rn  o f  t'ne unoriented Mobay PB.4 as 
t 

well  as the  PQ40 saraple showed only an anorphous halo.  The polyether a t  

ac extension r a t i o  of 4,5 showed a crys ta l l ine  pa t te rn  consis t ing of 

three prorLnent but diffuse e q u a t o r i d  naxima. 

spec iszs  present i n  oriented c rys t a l l i ne  polyte-cra methylene oxide (6) 

irere a5sent i n  the  orlented polyurethane smple  . Tie polyester  s a x ~ l e  

at a extension r a t i o  of  3 showed two diffuse equator ia l  :mxima a d ,  

ags in ,  no evidence of l aye r  l i n e  spacings. 

s a ~ p l e s  aT; any other  extensions. 

m e  weaker l aye r  l i n e  

N o  pa t te rns  were taken of 



DISCUSSiOX 

Tile multiple thermal t r ans i t i ons  observec! i n  the pc lp re thancs  a r e  

evidecce 0: d i sc ree t  changes i n  the s t ruc tu ra l  organization and p w h q s  

in molecular ;?;ructure that occur w i t h  increasing texperature. 

T1 i s  %he v i c r i f i c a t i o n  temperacure or low xeqe ra tu re  g l a s s  t ransi tLcn 

z1iat has a l s o  beer, observed by nechanical 2nd volume expansion measure- 

ments (1,3)e 

ci isocyante  (3)  it i s  d i f f i c u l t  t o  make conparisons of these results 

with o;hers reported i n  the l i t e r a t u r e .  However, the values for  t h e  ::TO 

polyes te r  based Estane samples compare favorably with values of -loci 

Evidently 

Since ‘I1 increases with concentration of  the aroxat ic  

for 5740-70 and -23OC f o r  5740-100 esTirra.ted from the nodulus t e rqe rz tme  

clii”v?s obtaiiied by Cooper a.nd Tobolsky (2) .  Ihr therncre ,  the  t rend o f  

T1 vslues for t h e  polyezhers i s  consis tent  v i th  D i c k i x o n ’ s  observz-cion 

t h t t  PTXO b5;ed samples have the  lowest T, while the T, values for t h e  

other  two polyether based samples are similar  but  subs t an t i a l ly  hiLkcr . 

u 0 

(7) .  Tne r e l a t i v e  values o f  T f o r  the  three Mobay polyether sampies , 
howcver, dlz’fer from the  temperature or the  mchanica l  l o s s  peak a t  

- 1 C,/S reported as -55OC for PEO,  -60 C for PPO an6 -74OC for PG;O, a l l  

dezexiined oa h i &  molecular weight polye-cher samples ( 3 ) .  

g 

0 

The d i f f e r -  

,-*- c &re i’iot unidirectiona.1. 5hey might be due t o  several  factors 

inc=l.ii:ing: (1) the  influence of c r y s t a l l i n i t y  on the  Tg of %he poly- 

e thers ;  (2)  t he  e f f e c t  of low prepolyiier molecda r  veighc on the T- 0 ol 



80-c/O°C ("2)  a.nd at 1k-O-160°C (5'3) a r e  more d i f f i c u l t  t o  assizn. 

t;here i s  no ';ransition obsertrzble by C ~ C  from 40 t o  80Oc n.nd correspccd- 

iii& :IO t ra i l s i t ion  found by D l A  from 60 to 1 O G  i: it seem logical t o  

Since 

0 

conclud? -axi~, ir, i'zct, the T2 t r a n s i t i o n  observed by D3C i s  the c ~ - d - ~ ' c ~ ~ -  C L  

0 pa.rt of the  T 

a r e s d t  of the decl ine i n  modulus with t e x p r a t u r e  wnich occurs even 

over the  plateau region of the  mechanical data. 

sixiplificadcion the probien r e r a i n s  t h a t  there  i s  no evidence i n  t k  

t r a n s i t i o n  reve9,led bjr DL4 but sh i f ted  -20 C, Serhaps 8 s  2 

However, even with t h i s  

mschaniczl a a t a  f o r  any zrens i t ion  occurring over ?;he te rqera ture  rznge 

50-90 C Tinich i n  f a c t ,  corresponds t o  almost the  middle o f  t;he rubbery 0 

pla tzau  rezic-. (2 ) .  

w i l l  be disc',lssed n f C e r  considerin2 the  t r a n s i t i o n  T 

Further evidence on t h e  nature of ",'lis ?;rm*sition 

3. 
Or? f i r s t  consideration t h e  zssignmen'i of T 3 appears uricor@icate2. 

The sh2i-p decl ine i n  the elevated rubbery nodulus of the polyurethanes 

u s b d l y  occurs i n  the  range 02 T 

data cn 2.e Es';alze saqples are  consis tent  wixh a t r a n s i t i o n  terfiperature 

As an exanple, Cooper and TObOlsXy's 
3' 

0 
above E C  C while the  t r a s i t i o n  tenpera.tures of the 2iiba.y polyester  

s z p l e s  which he s tadied occur soxewhat above i5O"C. 

transl"Yon rernai-ns controversial .  

t e r - s  o f  6 dissocLation or' the  s t rong secondary bonfiing Yorces ketween 

arcL&LyLc urst'xaae regions of the  chain. These in t e rac t iocs  are re -  

spcrs ib le  :'or lmny of the propert ies  which d i - s t i n s i s h  g c l p r e t S a n e  

e le c 'c OIP r s Zron covalently c r o s sl inked ru'obe r s including r eve r s i b l  e 

The nature o f  t h i s  

The tralzsit ion has been discussea i n  

(14) 



t h e i r  m d e l  t h a t  Cooper and Tobolsky regard T, as the  glass t r a n s i t i o n  

concerned v i th  t'ne zror;;atic uret'nairle segxents 

J 

ing viih - 2 5 s  e x c l a a t i o n  it has j een  rioted t h a t  below abou?; 150' C the  

- p l , J ; ~ ~ ' r  

extrLda'ce i s  produced but &ove 150 

2s  '310~9 it were l i a t l y  crosslinked s i r c e  82 irrebdzr 

0 C .a s m o t h  uniforfi extradate i s  

-0 A, ,I bfie sssigmr-ent ~f as the  temperature of aliophonate bond 

2 i s scc l ; t i o r~  i s  c o r x c t  then T can be identiTied a.s t'fle t r a n s i t i o n  which 

reprZ:sei;ts ;he dissocLation or' a secondary bocded network, 

T3 

2 

!&is 2 s  con- 

i &e KC~IL; ancl, &di t iona l ly ,  t he  p e r s i a t e x e  or' polar interacxions 
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